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Secretory-immunoglobulin A (S-IgA) plays an important role in immunological defense in
the intestine. It has been known for a long time that microbial stimulation is required for the
development and maintenance of intestinal IgA production. Recent advances in genomic
technology have made it possible to detect uncultivable commensal bacteria in the intes-
tine and identify key bacteria in the regulation of innate and acquired mucosal immune
responses. In this review,we focus on the immunological function of Peyer’s patches (PPs),
a major gut-associated lymphoid tissue, in the induction of intestinal IgA responses and the
unique immunological interaction of PPs with commensal bacteria, especially Alcaligenes,
a unique indigenous bacteria habituating inside PPs.
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INTRODUCTION
Secretory-immunoglobulin A (S-IgA) is predominantly observed
in the intestine where it participates in immune defense (Mestecky
et al., 2005; Brandtzaeg, 2010). S-IgA inhibits adherence of
pathogens to host epithelial cells in the intestinal lumen and neu-
tralizes pathogenic toxins by binding to the toxins’ biologically
active sites. Based on the immunological importance of S-IgA
in immunosurveillance in the intestine, the development of oral
vaccines has focused on the induction of antigen-speciﬁc S-IgA
responses (Kunisawa et al., 2007). In addition to the immuno-
surveillance in the intestine, S-IgA antibody contributes to the
establishment of beneﬁcial gut commensal microbiota and thus
dysfunction of S-IgA formation resulted in the alteration of nor-
mal bacterial ﬂora (e.g., the reductionof Lactobacillus and increase
of segmented ﬁlamentous bacteria, SFB; Suzuki et al., 2004).
Peyer’s patches (PPs) are major gut-associated lymphoid tissue
(GALT) where intestinal IgA responses are initiated and regulated
byunique immunological crosstalk via cytokines [e.g., interleukin-
4 (IL-4), IL-6, IL-21, and transforming growth factor-β (TGF-β)]
and cell–cell interactions (e.g., via CD40/CD40 ligand interac-
tions) among dendritic, T, and B cells (Kunisawa et al., 2008;
Fagarasan et al., 2010). Thus, oral delivery of antigens to PPs is
considered an important strategy for the effective induction of
antigen-speciﬁc intestinal IgA responses (Kunisawa et al., 2011).
In addition tohost-derived factors,microbial stimulation is also
required for the maximum production of S-IgA in the intestine
(Cebra et al., 2005). Indeed, germ-free (GF) mice have decreased
intestinal IgA responses with immature structure of GALT when
comparedwithmice housedunder SPFor conventional conditions
(Weinstein and Cebra, 1991). Although it was reported that some
commensal bacteria [e.g., SFB and altered Schaedler ﬂora (ASF), a
combined eight culturable bacteria] and bacterial products (e.g.,
peptidoglycan, CpG oligonucleotide, and LPS) stimulated the
intestinal IgA production (Michalek et al., 1983; Talham et al.,
1999; Butler et al., 2005), it is obscure which bacteria is involved in
this process indigenously. Because predominant commensal bac-
teria in the intestine is uncultivable, it was difﬁcult to determine by
culture-based method which bacteria regulated speciﬁc immune
responses. However, recent advances in the genomic analysis
allowed us to identify the uncultivable bacteria,which revealed key
bacteria in the regulation of speciﬁc immune responses (Ivanov
et al., 2009; Atarashi et al., 2011) as well as the development of
immune diseases (Chow et al., 2010; Hill and Artis, 2010). Using
genomic and immunological methods, we recently found that the
microbial community inside PPs is different from those on the
epithelium of PPs or in the intestinal lumen (Obata et al., 2010).
In this review, we discuss initially the immunological fea-
tures of PPs in the induction and regulation of intestinal IgA
responses. In the later part, we focus on the unique cross-
communication between PPs and habitat commensal bacteria,
Alcaligenes, a unique indigenous bacteria habituating inside PPs
and regulating dendritic cells (DCs) for the efﬁcient production
of intestinal IgA.
IMMUNOLOGICAL FEATURES OF PEYER’S PATCHES
In the intestine, GALT comprise several different, organized lym-
phoid structures (Spencer et al., 2009; Fagarasan et al., 2010).
Among them, PPs are the largest andmost well-characterized sites
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for the initiation of intestinal IgA responses, especially responses to
T cell-dependent antigens (Kunisawa et al., 2008; Fagarasan et al.,
2010). There are generally 8–10 PPs in the mouse small intestine
and hundreds in the human small intestine. Each PP is composed
of several B cell-rich follicles surrounded by a mesh-like structure
consisting of T cells known as the interfollicular region (Figure 1).
Inside PPs, antigen-sampling M cells located in the follicle-
associated epithelium transport luminal antigens to DCs situated
in the subepithelium region (Neutra et al., 2001), which then form
clusters with T-, B-, and stromal cells in the germinal centers
and promote μ-to-α-class-switch recombination of B cells with
the help of cytokines such as IL-4, IL-21, and TGF-β (Fagarasan
et al., 2010). Upon immunoglobulin class-switching from μ to
α, IgA-committed B cells (IgA+ B cells) begin to express type
1 sphingosine-1-phosphate receptor, CCR9, and α4β7 integrin,
allowing them to depart from the PPs and subsequently trafﬁc
to the intestinal lamina propria (Mora et al., 2006; Gohda et al.,
2008). In the intestinal lamina propria, they further differentiate
into IgA-secreting plasma cells under the inﬂuence of terminal dif-
ferentiation factors (e.g., IL-6; Cerutti et al., 2011). DCs play a key
role in these processes. For instance, nitric oxide, TGF-β, APRIL,
and BAFF produced by TNF-α/iNOS-producing DCs (Tip-DCs)
promotes IgA production (Tezuka et al., 2007). Also, DCs in the
PPsmetabolite vitaminA andproduce retinoic acid,which induces
the expression of gut-homing receptors (CCR9, and α4β7 inte-
grin) on activated B and T cells (Iwata et al., 2004; Mora et al.,
2006). Retinoic acid also induces the preferential differentiation
into regulatory T (Treg) cells (Hall et al., 2011), and some of Treg
cells differentiated into follicular helper T cells to promote IgA
production in the PPs (Tsuji et al., 2009).
The identiﬁcation of the molecular pathway of PP organogen-
esis allowed the establishment of PP-deﬁcient mice through the
loss of any part of this pathway (Nishikawa et al., 2003). Notably,
disruption of the PP organogenesis pathway by blockade of tissue
genesis cytokine receptor signaling [IL-7R and/or lymphotoxin-
β receptor (LTβR)] during a limited fetus time period results
in the selective loss of PPs without affecting other lymphoid
FIGURE 1 | Microarchitecture of murine Peyer’s patches. PuriﬁedT cells
(green) and B cells (red) were chemically labeled with carboxyﬂuorescein
succinimidyl ester and carboxy-SNARF-1, respectively, and adoptively
transferred into mice. Fifteen hours after the transfer, cell distribution in the
Peyer’s patches was observed at the whole-tissue level by using
macro-confocal microscopy.
tissue organogenesis (Yoshida et al., 1999). Experiments with PP-
deﬁcientmice showed that the dependency onPPs in the induction
of antigen-speciﬁc IgA responses depends on the form of the
antigen. For instance, the PP-deﬁcient mice failed to develop
antigen-speciﬁc IgA responses against orally administered anti-
gens in particle form, but retained their ability to respond to
soluble forms of antigens (Yamamoto et al., 2000; Kunisawa et al.,
2002). It was also reported that lamina propria DCs are capable
of initiating systemic IgG responses, whereas antigen transport by
M cells into the PPs is required for the induction of intestinal
IgA production (Martinoli et al., 2007). This is consistent with
another ﬁnding that DCs in the PPs are responsible for intestinal
IgA production (Fleeton et al., 2004). Therefore, PPs are consid-
ered to be one of the major sites for the initiation of intestinal
antigen-speciﬁc IgA responses.
EFFECT OF MICROBIAL STIMULATION ON THE PRODUCTION
OF INTESTINAL IgA
It is well known that microbial stimulation is required for the
full production of S-IgA in the intestine. Indeed, GF mice have
decreased intestinal IgA responses when compared with mice
housed under SPF or conventional conditions (Cebra et al., 2005).
Studies using mono-associated GF mice with SFB have demon-
strated that only a minor proportion of the total intestinal IgA
is reactive to mono-associated bacteria (Talham et al., 1999). In
addition, bacterial products produced by commonly expressed
on commensal bacteria (e.g., peptidoglycan, CpG oligonucleotide,
and LPS) stimulated the intestinal IgA production (Michalek et al.,
1983; Butler et al., 2005). In contrast, a recent study using reversible
colonization of GFmice with genetically engineered E. coli showed
that intestinal IgA induced in those mice bound to parent strain
but not other bacteria (Hapfelmeier et al., 2010). Therefore, it
remains unclear whether intestinal IgA responses induced by com-
mensal bacteria is mediated by polyclonal stimulation and/or by
B cell receptors speciﬁc for microbial antigens.
As one mechanism of impaired IgA production of GF mice,
it was reported that GF mice have structurally immature GALT
(e.g., PPs and ILFs) when compared with SPFmice (Weinstein and
Cebra, 1991; Hamada et al., 2002). In the PPs, several key pathways
for the IgAproduction requiremicrobial stimulation. For example,
Tip-DCs enhance the IgA production by producing nitric oxide,
TGF-β, APRIL, and BAFF, which requires microbial stimulation
through innate receptors (Tezuka et al., 2007). Indeed, the num-
ber of Tip-DCs was much reduced in the intestine of GF and
MyD88-deﬁcient mice (Tezuka et al., 2007). Another cell involved
the microbe-dependent IgA production is non-hematopoietic fol-
licular DCs (FDCs). It was reported that microbial stimulation of
FDCs resulted in expressing chemokine CXCL13, BAFF, and TGF-
β for the germinal center formation andB cell class-switching from
IgM to IgA (Suzuki et al., 2010).
ALCALIGENES IS A UNIQUE INDIGENOUS BACTERIA INSIDE
PPs
Recent advances in genomic technology make it possible to detect
commensal bacteria in the intestine, allowing identiﬁcation of key
bacteria involved in the regulation of speciﬁc immune responses.
For example, SFB was identiﬁed as commensal bacteria inducing
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Th17 cells (Ivanov et al., 2009), whereas colonic regulatory T cells
were induced by Clostridium clusters IV and XIV (Atarashi et al.,
2011). These commensal bacteria localize at the surface of intesti-
nal epithelium, but we supposed that the immunological crosstalk
between host and commensal bacteria might establish in the reg-
ulation of intestinal IgA responses in the GALT. In this issue, we
analyzed the composition of the microbial community inside PPs
and identiﬁedAlcaligenes as a major commensal bacteria uniquely
locating inside PPs (Obata et al., 2010).
By using the 16S rRNA clone library method, SFB are the
predominant commensal bacteria co-habitat on FAE of PPs as
like small intestinal epithelium. Although the FAE consisted with
antigen-sampling M cells, SFB was not found inside of PPs.
Instead,Alcaligenes are predominant bacteria insidePPs. The result
obtained by the 16S rRNA analysis was further conﬁrmed by
ﬂuorescence in situ hybridization (FISH) method and thus Alcali-
genes are present exclusively inside PPs, not on the FAE of PPs,
and intestinal villous epithelium and intestinal lamina propria
(Figure 2). Of note, the preferential presence of Alcaligenes was
observed not only inmouse but also inmonkey andhuman (Obata
et al., 2010). One of interesting but unresolved questions is the
species speciﬁcity of Alcaligenes.We are now investigating whether
Alcaligenes isolated from human or monkey colonize in the PPs
to promote IgA production when they are orally fed to GF mice.
Inside PPs, a proportion of the Alcaligenes seemed to be alive in
mice. The presence and growth of Alcaligenes were detected in
the PPs of GF mice after adoptive transfer of PP homogenates
containing Alcaligenes from SPF mice. These ﬁndings suggest that
Alcaligenes are indigenous bacteria ubiquitously living inside the
PPs of various mammalian species.
ANTIBODY-MEDIATED RECIPROCAL INTERACTION
BETWEEN ALCALIGENES AND THE HOST IMMUNE SYSTEM
As mentioned above, M cells located on the FAE of PPs trans-
port luminal bacteria into DCs locating at the subepithelial region
of FAE (Neutra et al., 2001). 16S rRNA clone library methods
FIGURE 2 | Microarchitecture of murine Peyer’s patches.Whole-mount
ﬂuorescence in situ hybridization was performed to visually analyze the
presence of Alcaligenes inside PPs. Both BPA and ALBO34a were used as
speciﬁc probes for Alcaligenes. Wheat germ agglutinin (WGA), an
N -acetylglucosamine-speciﬁc lectin, was used to detect epithelial cells.
Scale bar indicates 100μm.
consistently revealed that DCs in the PPs predominantly contain
Alcaligenes, whereas these bacteria are rarely detected in DCs iso-
lated from other lymphoid tissues (e.g., spleen and mesenteric
lymph nodes; Obata et al., 2010). We examined the immunolog-
ical effects of Alcaligenes on DCs and found that the production
of IgA-enhancing cytokines such as IL-6, TGF-β, and BAFF was
increased when DCs isolated from the PPs of GF mice were
stimulated with Alcaligenes (Obata et al., 2010). Several lines of
evidence have revealed that immunological functions of DCs are
different between intestinal and other lymphoid tissues (reviewed
in Rescigno, 2010), we are now investigating whether immune
stimulatory functions of Alcaligenes is speciﬁc for the PP DCs
or not.
In agreement with the uptake of Alcaligenes and subsequent
production of IgA-enhancing cytokines by DCs, Alcaligenes-
speciﬁc IgA-forming cells were frequently observed in PPs, and
consequent IgA production was noted in the intestinal lumen of
SPF mice, but not GF mice (Obata et al., 2010). Although bio-
logical role of Alcaligenes-speciﬁc IgA antibody remains to be
elucidated, the antibodymight be involved in the creation of intra-
tissue co-habitation of Alcaligenes in PPs. To this end, the number
of Alcaligenes inside PPs is decreased in B cell-deﬁcient CBA/N
xid and IgA-deﬁcient mice compared with wild-type mice (Obata
et al., 2010). Therefore, it is interesting to suggest that Alcali-
genes-speciﬁc IgA antibody mediates the uptake and presence
of Alcaligenes in the PPs. Since M cells express IgA receptors
FIGURE 3 |Alcaligenes mediates symbiotic communication inside
Peyer’s patches. On the follicle-associated epithelium of PPs, segmented
ﬁlamentous bacteria (SFB) is predominantly observed. In contrast,
Alcaligenes speciﬁcally localizes inside Peyer’s patches, where some are
taken up by dendritic cells (DCs). Stimulation by Alcaligenes prompts the
DCs to produce IgA-enhancing cytokines [e.g., interleukin-6 (IL-6),
transforming growth factor-β (TGF-β)], and B cell activating factor (BAFF),
which enhance the intestinal IgA response. The intestinal IgA includes
Alcaligenes-speciﬁc IgA, which might mediate the preferential uptake and
presence of Alcaligenes in the PPs. The uptake is presumably mediated by
M cells.
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(Mantis et al., 2002), one possibility is thatAlcaligenes coated with
the Alcaligenes-speciﬁc antibody are taken up into PPs through
M cells. Further, the antigen-speciﬁc IgA coating on Alcaligenes
might be beneﬁcial for the bacteria to create the co-habitation
niche since IgA antibody has been shown to non-inﬂammatory
antibody (Mestecky et al., 2005).
CONCLUSION
In this review,we discussed a new concept of symbiotic communi-
cation in PPs that is mediated by commensal bacteria-speciﬁc IgA
antibody. Alcaligenes-speciﬁc antibodies may mediate the uptake
and the presence of Alcaligenes in the PPs, and the co-habitation
of Alcaligenes within the PPs is one of the key factors to pro-
mote the intestinal IgA production by enhancing the production
of IgA-enhancing cytokines from DCs (Figure 3). We still have
various questions regarding this co-habitation of Alcaligenes in
the PPs. For example, it remains unclear whether the presence of
Alcaligenes inside of PPs is physiologically beneﬁcial or harmful
for the host immune system. In this issue, we are now address-
ing the microbial community in the PPs of mice and human
patients suffering from intestinal immune diseases (e.g., intesti-
nal inﬂammation and allergy). The biological roles of intra-tissue
habitation of Alcaligenes in the PPs in the appropriate regulation
of mucosal immune responses need to be elucidated. The current
goal is to elucidate the mechanisms behind the co-habitation of
Alcaligenes within PPs, and the exact contribution of Alcaligenes
to educate and guide mucosal immunocompetent cells especially
DCs in the PPs for the development, maturation and mainte-
nance of the appropriate host immune system. These studies will
provide novel molecular and cellular mechanisms of symbiotic
communicationwith commensal bacteria in the regulation of host
immunity.
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